T HE three-dimensional linear theory of elasticity is used to delineate the effect of the thickness, stiffness, and mass density of piezoelectric (PZT) layers on the ® rst ® ve natural frequencies of a simply supported graphite/epoxy laminated plate with PZT layers embedded in it.
Introduction
T HE three-dimensional linear theory of elasticity is used to delineate the effect of the thickness, stiffness, and mass density of piezoelectric (PZT) layers on the ® rst ® ve natural frequencies of a simply supported graphite/epoxy laminated plate with PZT layers embedded in it.
Platelike smart structures are usually made of PZT patches either embedded in or bonded to the bounding surfaces of a plate. In this Note, an attempt is made to ascertain changes in the natural frequencies of the underlying plate due to the PZT patches.
Problem Form ulation
Consider a simply supported graphite/epoxy lam inated plate with PZT layers embedded in it. The plate is assumed to be made of a homogeneous, orthotropic, linear elastic material and the PZT of a homogeneous, transversely isotropic, linear piezoelectric material poled in the thickness direction. Their constitutive relations are
(1)
where ¿ is the stress tensor, s the in® nitesimal strain tensor, E the electric ® eld vector, D the electric displacement vector, C = C T the material elasticity tensor, e the piezoelectric constants, and ² the dielectric permittivity. Equation (1) with e = 0 gives the stress± strain relation for each graphite/epoxy lamina. Batra et al. 1, 2 and Batra and Liang 3 have used the three-dimensional linear elasticity theory to study vibrations of a rectangular, simply supported composite plate with PZT layers either embedded in it or bonded to its upper and/or lower surfaces. The same approach is followed here. The PZT layers are assumed to be perfectly bonded to the substrate and are modeled as thin ® lms. The structure is excited by applying a sinusoidal voltage to a PZT actuator. The Figures 1 and 2 depict, respectively, the dependence of the natural frequency of the composite plate with the PZT layers divided by the corresponding frequency of the plate only on the variation in the thickness and the mass density of the PZT layers. In each case, the abscissa is nondimensionalized by dividing the value of a variable for the PZT layer by that for the plate. Because different values are used to nondimensionalize each frequency, the curve corresponding to the ® rst frequency is not below those for the other frequencies. Each one of the ® ve frequencies decreases monotonically, though not at the same rate, with an increase in the thickness of the PZT layer. For a given thickness of the PZT layer, the relative change in the ® fth lowest frequency is the highest, that in the lowest fourth frequency is between those for the ® rst and third frequencies, and that in the second frequency is between those for the third and ® fth lowest frequencies. For results plotted in Fig. 2 , the thickness of the PZT layer was set equal to that of a lamina. Note that, in the experimental setup of Moetakef et al., 5 the thickness of the PZT patch equaled nearly one-half of that of the beam. The relative change in the lowest ® ve frequencies decreases monotonically with an increase in the mass density of the PZT layer. The ® ve curves are nearly parallel to each other, signifying that the rate of change of frequency with respect to the mass density of the PZT layer is the same for all ® ve frequencies. As for the variation in the thickness of the PZT layer, the curve for the fourth frequency lies between those for the ® rst and the third ones and that for the third frequency lies between those for the third and ® fth ones.
Results

Because the substrate layer has been modeled as orthotropic and the PZT layer as transversely isotropic, it is not clear how to vary the stiffness of the PZT layer relative to that of the graphite/epoxy substrate. In an attempt to decipher the effect of the material stiffness only, the mass density and the thickness of the PZT layer are ® rst set equal to that of the graphite/epoxy lam ina, and only C11 for the PZT layer is varied. Smart structure' s response is also affected by values of other components of C for the PZT. As shown in Fig. 3 , all ® ve lowest natural frequencies of the composite structure increase monotonically with an increase in the value of C11 for the PZT. In the second study of the effect of the PZT stiffness on the natural frequencies of the plate, the thickness of the PZT layer is taken to be equal to 1 10 th of the thickness of the substrate layer, which is more likely to occur in a physical situation, mass density of the PZT layer equal to 7500 kg/m 3 , C PZ T = a C substrate , and a is varied. Of course, it may be dif® cult to manufacture a PZT with such mechanical properties. Figure 4 illustrates the effect of such a change in the elastic moduli of the PZT on the ® ve lowest natural frequencies of the composite plate. A sevenfold increase in the stiffness of the PZT increases the ® rst ® ve natural frequencies by at m ost 10%.
C onclusions
For the simply supported composite plate studied herein, it is found that an increase in the thickness of the PZT layer or its mass density monotonically decreases each one of the ® ve lowest frequencies and an increase in the stiffness of the PZT layer relative to that of the lamina increases these frequencies. However, the relative change in these frequencies is not necessarily the same.
